All relevant data are within the paper and its Supporting Information files except for the NHP sequences which are available from Genbank under the accession numbers KT852380 - KT852448.

Introduction {#sec001}
============

Astroviruses (AstV) are small, non-enveloped, positive-sense, single-stranded RNA viruses associated with significant morbidity, especially in the young, elderly and immunocompromised people as well as substantial economic losses in poultry \[[@ppat.1005225.ref001],[@ppat.1005225.ref002]\]. Although most commonly associated with diarrhea, they can also cause a variety of clinical diseases including nephritis, hepatitis, and encephalitis or can be asymptomatic depending on the species. Since 2008, the number of animal hosts shown to be infected with AstVs has quadrupled to include at least 30 mammalian and 14 avian species \[[@ppat.1005225.ref003],[@ppat.1005225.ref004]\] with a correlative increase in genetic diversity resulting in division of the *Astroviridae* family into two genera, *Mamastrovirus* (MAstVs) and *Avastrovirus* (AAstVs) that are further sub-divided into genotypes or viral species based on the genetic differences within the complete viral capsid protein \[[@ppat.1005225.ref005]\]. However, with the constant identification of new viral species and hosts, and the genetic diversity within the family, it is likely that the *Astroviridae* family will continue to diverge and taxonomy and nomenclature will have to be updated regularly.

AstV infections are thought to be species-specific \[[@ppat.1005225.ref002],[@ppat.1005225.ref003],[@ppat.1005225.ref005],[@ppat.1005225.ref006]\]. Yet, phylogenetic characterization suggests that a single host species may be susceptible to infection with divergent AstV genotypes. For example, humans can be infected with the "classical" serotypes HAstV1-8 or the recently identified HAstV-MLB1-3, HMO AstVs A, B, and C, and HAstV-VA1-4 viruses \[[@ppat.1005225.ref006],[@ppat.1005225.ref007]\]. These recently identified human AstVs are genetically much closer to AstVs from animals than they are to the canonical HAstVs. Similar observations were reported for AstVs detected in pigs, bats, California sea lions, sheep, mink, and turkeys \[[@ppat.1005225.ref008]\] challenging the paradigm that AstV infections are species-specific. Indeed, recent studies have shown a mammalian-like virus in an avian host \[[@ppat.1005225.ref009]\]. Yet to date, diverse MAstV and AAstV genotypes, especially viruses associated with human infections have not been detected in a single animal host. However, potential human-mammalian recombination events have been detected suggesting that the species barrier may have been crossed at some point \[[@ppat.1005225.ref010],[@ppat.1005225.ref011]\].

Non-human primates (NHP) are highly susceptible to a variety of enteric viruses \[[@ppat.1005225.ref012]--[@ppat.1005225.ref015]\]. In Bangladesh, rhesus macaques, which are ubiquitous and often synanthropic (i.e. species that thrive in human-altered habitats) were shown to be infected with a variety of human enterovirus serotypes that shared considerable genetic overlap with viruses detected in closely associated humans, strongly suggesting interspecies transmission \[[@ppat.1005225.ref013]\]. There is also serological evidence suggesting natural infection with rotavirus and norovirus among captive NHP \[[@ppat.1005225.ref016]\]. No data are currently available on AstVs in NHP \[[@ppat.1005225.ref013],[@ppat.1005225.ref015]\]. The objective of this study was to fill this gap in knowledge and determine the extent of AstV among NHP populations in Bangladesh and Cambodia.

In Bangladesh and Cambodia, multiple species of NHP including rhesus macaques *(Macaca mulatta*), Hanuman langurs (*Semnopithecus entellus*), longtailed macaques (*M*.*fascicularis*) and pigtailed macaques (*M*.*nemestrina*) have for centuries thrived at the human-primate interface, ranging freely through villages and religious sites \[[@ppat.1005225.ref017],[@ppat.1005225.ref018]\]. These macaques and langurs, as well as species of gibbons (*Hylobates spp*.), are also found in captive settings. We have found evidence, based on analysis of sequences derived from the highly conserved RNA-dependent RNA polymerase (RdRp) gene, that these NHP harbor a variety of MAstV, including genotypes previously only associated with human infections, sequences with little similarity to currently identified AstVs,. AAstV genotypes, and what appears to be a recombinant between a human AstV and unique virus hitherto only detected in NHPs. We contrast this diversity with that observed in bats, which have been identified as having exceptionally diverse AstV populations (14--16), but which our studies indicate is more phylogenetically isolated from AstV infecting other mammals. Importantly, the presence of antibodies to HAstVs further supports our hypothesis that NHP are susceptible to infection with human astrovirus genotypes. These studies provide important new evidence that primates can be infected with human astroviruses. They also directly challenge the paradigm that AstV infection is species-specific.

Results {#sec002}
=======

Human AstV genotype detection in NHP {#sec003}
------------------------------------

Fecal samples from NHP in Bangladesh and Cambodia were collected between 2007--2008 and 2011--2012 and RNA screened using a pan-astrovirus RT-PCR targeting a 422 nucleotide segment within the highly conserved RNA-dependent RNA polymerase (RdRp) gene \[[@ppat.1005225.ref019]\]. Of the 879 fecal samples tested 68 (7.7%) were AstV positive ([Table 1](#ppat.1005225.t001){ref-type="table"}). [S1 Table](#ppat.1005225.s002){ref-type="supplementary-material"} contains the complete details on the positive samples including NHP species, percent similarity to closest identified sequence, and proposed nomenclatures. Sequence analysis unexpectedly revealed that HAstV, MLB, and VA genotypes were detected in NHPs ([Fig 1](#ppat.1005225.g001){ref-type="fig"}). The majority of the positive samples (60.3%) were 98--100% similar to HAstV-1 reference viruses ([Fig 2A](#ppat.1005225.g002){ref-type="fig"}) and 11.7% of the samples were 79 to 84% similar to human VA and MLB reference viruses ([Fig 1](#ppat.1005225.g001){ref-type="fig"}). Intriguingly, MLB and VA sequences were detected in NHP samples collected in 2007 prior to the official identification in 2008 and 2009 respectively \[[@ppat.1005225.ref010],[@ppat.1005225.ref020],[@ppat.1005225.ref021]\]. Although most of the human-like sequences were closely related to human reference sequences, NHP FCB5, MCB35, MCB37, which were collected in Cambodia in 2011--2012, branched off the human VA/HMO subclade forming a unique clade.

10.1371/journal.ppat.1005225.t001

###### Diverse AstV genotypes detected in NHP samples.

![](ppat.1005225.t001){#ppat.1005225.t001g}

  Country            Bangladesh      Cambodia                                                                           
  ------------------ --------------- ------------------------------------------ ------------- -------------- ---------- -------------
   Pet/Performing    3/23 (13%)      ND[^1^](#t001fn001){ref-type="table-fn"}   ND            ND             ND         ND
   Temple            15/229 (6.6%)   3/229 (1.3%)                               ND            ND             ND         2/27 (7.4%)
   Urban             21/458 (4.6%)   10/458 (2.2%)                              ND            3/16 (18.8%)   ND         ND
   Tea Garden/Park   2/16 (12.5%)    1/16 (6.3%)                                ND            ND             0/5 (0%)   ND
   Zoo/Captive       2/86 (2.3%)     ND                                         2/86 (2.3%)   1/21 (4.8%)    ND         ND
   Wild              3/29 (10.3%)    1/29 (3.4%)                                ND            ND             ND         ND

^1^Not Detected

![NHPs harbor diverse AstV genotypes.\
RdRp sequences were aligned using MAFFT v7.058b and phylogenetic trees were constructed and evolutionary history inferred using the Neighbor-Joining method in MEGA6. GenBank accession numbers for the reference strains are given before the strain name and assigned or putative (in italics) AstV genogroups listed in parenthesis. Human viruses are in red and NHP samples in blue.](ppat.1005225.g001){#ppat.1005225.g001}

![NHPs harbor AstV genotypes associated with human infections.\
(A) Magnified HAstV clade from [Fig 1](#ppat.1005225.g001){ref-type="fig"}. (B-C) Clustal W alignments on \~300 nucleotides from the ORF2 capsid gene of NHP BG36 (B) or \~900 nucleotides of NHP BG31 (C) were performed using BioEdit and MEGA6. Phylogenetic trees were constructed and evolutionary history inferred using the Neighbor-Joining method. GenBank accession numbers for the reference strains are given before the strain name and assigned AstV genogroups listed. Human viruses are in red and NHP in blue.](ppat.1005225.g002){#ppat.1005225.g002}

Numerous approaches including genome walking, 3'RACE, and deep sequencing were undertaken on all RdRp-positive samples to obtain more genomic information. We obtained \~300 nucleotides from the 5' end of MAstV/Hoolock gibbon/Bangladesh/BG36/2007 ORF2 and confirmed that it was 84% similar to MLB1 capsid sequences ([Fig 2B](#ppat.1005225.g002){ref-type="fig"}). These results suggest that canonical (HAstV1-8) and non-canonical (MLB, VA/HMO) viruses can be detected in NHP.

Serological support that NHP are infected with AstVs associated with human infection {#sec004}
------------------------------------------------------------------------------------

Given that human AstVs have not been previously detected in mammals, we tested NHP sera for the presence of antibodies against HAstV-1, and MLB capsid proteins by ELISA \[[@ppat.1005225.ref022],[@ppat.1005225.ref023]\]. Turkey astrovirus type-2 (TAstV-2) is genetically distant from the mammalian viruses and we found no evidence of TAstV-2-like sequences in our genetic analysis, thus it was used as an AstV "control" ([Fig 1](#ppat.1005225.g001){ref-type="fig"}). Briefly, 96-well plates were coated with purified recombinant HAstV-1, MLB1, MLB2, TAstV-2 capsid proteins or BSA and limiting dilutions of the NHP sera was incubated as described \[[@ppat.1005225.ref022],[@ppat.1005225.ref023]\]. Positive controls included known positive polyclonal antisera and human sera. Unfortunately reagents to other AstV genotypes are unavailable. Of the sera samples available for testing, 90 from Bangladesh and 48 from Cambodia, 44 (31.9%) samples were positive for AstV antibodies with the majority (72.7%) specific for HAstV-1 and 27.3% positive for the non-canonical MLB capsids ([Table 2](#ppat.1005225.t002){ref-type="table"}). Cross-reactive MLB1 and MLB2 antibodies have been detected by ELISA so these results were combined although sera was run against MLB1 and MLB2 capsids \[[@ppat.1005225.ref023]\]. None of the samples were positive for TAstV-2. Eighty-five of the sera were from NHP that had also been tested for AstV by RT-PCR. Of the 22 serologically positive sera, 7 were from NHP that were also RT-PCR positive ([S1 Table](#ppat.1005225.s002){ref-type="supplementary-material"}). From these seven NHP, we identified three primates that were both serologically and RT-PCR positive: NHP MBG248 was serologically positive for MLB and RT-PCR positive for HAstV-1; MCB35 was serologically and RT-PCR positive for HAstV-1; and MCB43 was serologically HAstV-1 positive while RT-PCR positive for avian AstV. Combined with our genetic data, these studies strongly suggest that NHP not only harbor human AstV strains but have antibodies suggestive of previous exposures.

10.1371/journal.ppat.1005225.t002

###### Antibodies against human AstV strains were detected in NHP sera.

![](ppat.1005225.t002){#ppat.1005225.t002g}

  ELISA          Number Positive   Percent of Total   Percent of Positive
  -------------- ----------------- ------------------ ---------------------
  HAstV1         32                23.2%              72.7%
  MLB            12                8.7%               27.3%
  TAstV-2        0                 0.0%               0.0%
  Negative       94                68.1%              
  Total Tested   138                                  

Detection of diverse mammalian and avian AstVs genotypes in NHP {#sec005}
---------------------------------------------------------------

In addition to the human-like sequences, 23.5% of the samples were similar to MAstVs isolated from diverse animal hosts including dogs, pigs, and sheep ([Fig 1](#ppat.1005225.g001){ref-type="fig"}). NHP BG33, BG113, BG569, and BG410 and its related subclade containing BG31, BG41, and MBG260 were collected in Bangladesh in 2007--2008 and 2012 (MBG260) and appear to be part of a larger cluster of viruses identified in cows, pigs, and deer ([Fig 1](#ppat.1005225.g001){ref-type="fig"}). We were able to obtain \~900 nucleotides of MAstV/Rhesus macaque/Bangladesh/BG31/2007 ORF2 and confirmed that it clusters within the same clade ([Fig 2C](#ppat.1005225.g002){ref-type="fig"}). NHP BG463 and BG469 cluster with a unique porcine AstV (PAstV-5) \[[@ppat.1005225.ref024]\] forming a poorly supported subclade off the HAstVs ([Fig 2A](#ppat.1005225.g002){ref-type="fig"}).

Additionally, 4.4% of the positive samples clustered within the AAstVs though they formed a distinct and well supported subclade from previously identified AAstV genotypes ([Fig 1](#ppat.1005225.g001){ref-type="fig"}). Although we demonstrated that people with occupational exposure to poultry can have antibodies against AAstVs \[[@ppat.1005225.ref022]\], only one prior study has successfully isolated AAstV from a mammal \[[@ppat.1005225.ref025]\]. Overall, these data demonstrate that NHP can harbor a variety of mammalian including human and avian AstVs. Unfortunately, attempts to isolate the NHP viruses or obtain further genomic data either by traditional or deep sequencing methodologies were unsuccessful.

Evidence of recombination {#sec006}
-------------------------

Recombination events have been detected in numerous MAstV and AAstVs and are thought to be a major factor in the evolution of *Astroviridae* \[[@ppat.1005225.ref004],[@ppat.1005225.ref005],[@ppat.1005225.ref010],[@ppat.1005225.ref011],[@ppat.1005225.ref021]\]. They can also confound phylogenetic reconstruction. Indeed, when constructing the RdRp phylogenetic tree, inclusion of the NHP BG35 sequence in the alignment resulted in a unique subclade that branched off the HAstVs ([Fig 2A](#ppat.1005225.g002){ref-type="fig"}). Included within this subclade were NHP BG31, BG41, and MBG260, sequences that were shown to cluster within the cows, pigs, and deer RdRp (compare [Fig 1](#ppat.1005225.g001){ref-type="fig"}) when NHP BG35 is excluded from the alignment. Given that the BG31 capsid sequence was clearly shown to align within this larger cow, pig, deer clade ([Fig 2C](#ppat.1005225.g002){ref-type="fig"}), we hypothesized that NHP BG35 was a possible recombinant AstV.

To test this hypothesis, the sequences, which upon visual inspection best matched the 5' and 3' end of the NHP BG35, were identified as the canonical human AstVs and the NHP viruses phylogenetically close to BG31, respectively. To represent these two putatively parental genotypes in recombination analyses, we chose the HAstV-2 sequence L23513 and the NHP AstV BG31. The sequence from BG31 in particular was chosen because it provided the best overlap with the region of interest in BG35. The global alignment was subset to these two sequences, together with the putative recombinant sequence and the duck AstV sequence FJ434664 as an out group. This alignment was further trimmed using trimal \[[@ppat.1005225.ref026]\] with settings -gt 0.25 -sw 3 to reduce the effect of gap positions on the analysis, resulting in a 297 bp alignment. This resulting alignment tested positive for recombination via the Phi test \[[@ppat.1005225.ref027]\], as implemented in PhiPack (P = 9.3x10^-6^) ([Fig 3](#ppat.1005225.g003){ref-type="fig"}).

![Evidence of recombination.\
A cBrother analysis established the recombinant relationship between the human AstV lineage represented by sequence N.L23513 and the NHP AstV lineage represented by the sequence from BG31. Both the top and bottom panels share a common X-axis representing the position within the trimmed alignment. The top panel represents the posterior probability of ancestral assignment for the corresponding ancestral line at a given position within the alignment. The bottom panel represents the number of crossover points which occur at a given alignment position out of the 1000 samples taken from the MCMC chain.](ppat.1005225.g003){#ppat.1005225.g003}

To verify the specific nature of the recombination, a cBrother analysis was performed using the same alignment used in the Phi test. The duck, human and BG31 AstV sequences were used as genotype representatives in this analysis. Two independent cBrother runs of 1.1 million generations were run, with the initial 10% discarded as burn-in, and sampling every 1000 generations. Convergence was assessed using the Gelman--Rubin diagnostic \[[@ppat.1005225.ref005]\] included with the cBrother distribution. This analysis found a recombinant breakpoint at base 209 of the subset alignment, with ancestry assigned to the BG31 genotype on the 5' side, and to the human AstV on the 3' side ([Fig 3](#ppat.1005225.g003){ref-type="fig"}). Due to the unwanted effect of this recombination on phylogenetic analysis, BG35 was removed from the global alignment for the remaining analyses. These analyses suggest a possible HAstV-MAstV recombination event occurred either during or prior to infection in the NHP. Potential human-mammalian recombination events have also been reported in piglets in Colombia \[[@ppat.1005225.ref010]\] and intriguingly in a California sea lion \[[@ppat.1005225.ref011]\].

In contrast to bat AstVs, NHP AstVs are distributed throughout the *Astroviridae* family {#sec007}
----------------------------------------------------------------------------------------

Based on the high prevalence rate and genetic diversity of AstV detected in bats compared to other species, bats have been proposed as a pimary natural reservoir for AstVs and possibly as host of the most recent conmon ancestor of the HAstVs\[[@ppat.1005225.ref019],[@ppat.1005225.ref028],[@ppat.1005225.ref029]\]. However, with few exceptions, the bat sequences cluster within bat-specific genogroups (*MAstV* 12, 14--19) \[[@ppat.1005225.ref006]\]. In contrast, the NHP-derived sequences are distributed throughout *Astroviridae*. Thus, to compare AstV diversity in NHP to that in bats, we performed phylogenetic analysis of sequences from these two hosts in comparison to sequences from other MAstV and AAstV hosts. These analyses took place on two distinct phylogenetic trees. Both trees were built in part from a core set of mammalian and avian AstVs reference sequences making up a reference community but differed in that one was built from the references sequences with the NHP AstV sequences, while the other was built with the bat AstV sequences.

On each of these trees we computed three diversity metrics. The first is the *phylogenetic diversity* metric \[[@ppat.1005225.ref030]\], which measures the sum of branch lengths contained within the minimal subtree spanning all tips of interest as depicted in ([Fig 4](#ppat.1005225.g004){ref-type="fig"}). Intuitively, the higher this value is, the more diverse the community. The remaining two metrics were chosen to characterize the distribution of host diversity in relation to the reference community. Of these, the first is the UniFrac \[[@ppat.1005225.ref031]\] distance between sequences from a given host to the collection of reference sequences. This metric is computed as the sum of branch lengths unique to one community or the other, divided by the sum of all branch lengths as depicted in ([Fig 4](#ppat.1005225.g004){ref-type="fig"}). This effectively gives us a measure of how different the viral community in question is from the reference community. Smaller or larger values indicate the community of interest is phylogenetically closer or more distant (respectively) to the reference community. Lastly, we evaluated the *maximal monophyletic clade count* of a given set of sequences on the tree as the number of unique places on the reference tree at which the sequences in question branch off ([Fig 4](#ppat.1005225.g004){ref-type="fig"}). This measures how interspersed the sequences in question are among the reference community.

![Diversity metrics illustrated graphically for a given phylogenetic tree and tip labeling.\
The tips of the focus community are colored blue, and represent either the monkey or bat virus population. The uncolored or red tips represent the reference community. Branches in each case are colored according to whether and how the corresponding branch lengths would be counted for the given metric. The descriptions of each metric and how they are computed are presented in Results.](ppat.1005225.g004){#ppat.1005225.g004}

The first column of [Fig 5](#ppat.1005225.g005){ref-type="fig"} shows that, assuming bat and NHP sequences are equally unbiased representations of the corresponding viral populations, the bat AstV population has considerably higher phylogenetic diversity. However, as we begin to account for novelty bias and sampling depth by clustering sequences at various thresholds and picking representatives (as described in Materials and Methods and Discussion sections respectively), we find that NHP AstV diversity begins to match and even slightly exceed that of the bat AstVs ([Fig 5](#ppat.1005225.g005){ref-type="fig"}). However, across all clustering and sampling depths explored, the UniFrac and MMC measurements indicate NHP AstVs are much closer to the rest of the phylogenetic tree than are the bat AstVs and more broadly distributed across the tree. In contrast, the bat AstV are less well integrated into the reference community, and more isolated from the rest of the AstV diversity. These data suggest that while bats and NHP harbor similarly diverse AstV, NHP AstV bears much greater resemblance to the community of other mammalian AstVs.

![NHP and Bat AstV diversity are differently distributed with respect to the diversity of other canonical AstVs.\
As described in Results, MMCC, Phylogenetic Diversity (PD) and UniFrac metrics are computed for each of two phylogenetic trees---one built with NHP AstV sequences, the other bat AstV sequences, both with a shared set of "reference community" astroviruses. The columns of plots represent different clustering thresholds meant to account for novelty bias in bat sequence submissions, while the x-axis represents subsampling to account for differences in sampling depth between the two populations. As we attempt to correct for the possibility of novelty bias, the phylogenetic diversity of the NHP AstVs begins to match that of the bat AstVs. The MMCC and UniFrac metrics indicate that across subsampling depths and novelty bias correction levels, bat AstVs are on average more distant from reference community viruses, and form more isolated clades. The error bars and central points are computed via the 50% confidence interval quantiles and medians from the random subsamples, and smoothed using R's LOESS fitting.](ppat.1005225.g005){#ppat.1005225.g005}

Discussion {#sec008}
==========

Our studies provide important new information that human AstVs can be detected in non-human primates. Several studies demonstrated that a single host species may be susceptible to divergent AstV genotypes including pigs, bats, California sea lions, sheep, mink, turkeys, and humans, which can be infected with strains genetically related to animal AstVs \[[@ppat.1005225.ref007],[@ppat.1005225.ref008]\]. However, identification of mammals with AstV viruses associated with human infections has never been documented until now. Not only did we find evidence of diverse AstVs genotypes in fecal samples, we also detected AstV-specific antibodies in plasma samples. Although we did identify one NHP that was both serologically and RT-PCR-positive for HAstV-1, most of the serologically positive animals were RT-PCR negative at the time of sample collection. This suggests a previous exposure to either the same or different AstV genotype. In support of this, we identified two primates that were serologically positive for different genotypes to those detected by RT-PCR; in one case serologically MLB-positive and while HAstV-1 positive by RT-PCR and in the second serologically HAstV-1 positive while an avian AstV was detected. Future studies will have to address whether detection of AstV in non-human primates is associated with actual infection, and if so, whether such infections are asymptomatic or associated with clinical disease; none of the NHP sampled in this study appeared to have clinical disease (i.e. diarrhea) at the time of sampling.

One limitation of our study is that the genetic analysis is based on \~400 nucleotide region of the RdRp \[[@ppat.1005225.ref019]\]. While this is the most conserved region of the AstV genome supporting the proposed genogroup assignments, precise genotyping is ideally done with full genome or at least the full ORF2 (capsid) sequence. Attempts to isolate viruses or construct full genomic sequences through a variety of methods including genome walking with degenerate primers, 3'RACE, and deep sequencing methodologies similar to those used for the novel human AstV strains \[[@ppat.1005225.ref020]\] was unsuccessfully undertaken on all RdRp-positive samples. It is not surprising that virus isolation was unsuccessful given that very few AstVs can be cultured. However, the inability to identify further genetic sequences despite all efforts was frustrating and suggests that the amount of virus being "shed" by primates was at a very low level or that sample quality was not ideal. In spite of these limitations, we did sequence \~130 nucleotides from the conserved 5' end of the MAstV/Hanuman langur/BG569/Bangladesh/2008 capsid that shared 77% similarity with bovine AstV ([S1 Fig](#ppat.1005225.s001){ref-type="supplementary-material"}) and \~300 nucleotides from the conserved 5' end of MAstV/Hoolock gibbon/Bangladesh/BG36/2007 capsid gene demonstrating that it was similar to human MLB viruses. We also obtained a larger capsid sequence from MAstV/Rhesus macaque/Bangladesh/BG31/2007. Phylogenetic analysis suggests that while unique, it is part of a subclade comprised of diverse animal hosts including cows, pigs and deer.

Bats are known to harbor a diversity of AstV species; although these viruses are unique to the bat host and haven't been found in other species to date \[[@ppat.1005225.ref019]\]. Nor have AstV typically associated with other animal hosts been identified in bats. In contrast, NHP harbor AstV associated with diverse animal hosts. Phylogenetic analyses comparing the sequence diversity observed in these two host groups revealed that NHP viruses exhibit a comparable level of diversity to those reported in bats. However, the distribution is quite different. In particular, AstV sequences from bats were found to be more phylogenetically isolated from AstV detected in known host species, while those of NHP are relatively well integrated within the greater phylogenetic tree. Note that these comparisons are complicated by two aspects of the sampling. The first is sampling depth. Ours is the first and only study of AstV diversity in NHP, from which 68 nucleotide sequences have been obtained. In contrast, there have been extensive studies of AstV in bats, from which hundreds of AstVs have been sequenced. To account for this, we compared randomly selected subsamples from the phylogenetic trees to see how sampling depth affected the diversity metrics, an analytic technique known as rarefaction \[[@ppat.1005225.ref032]\]. Secondly, it is clear from the papers detailing studies in bats that there is diversity-selection bias regarding what nucleotide sequences are submitted to online repositories. For instance, in Zhu et al. AstV was detected in a total of 224 animals, while only 76 sequences were submitted to GenBank \[[@ppat.1005225.ref028]\]. The authors did not indicate the criteria used in selecting these representatives, nor how many sequences obtained were identified with each representative submitted. As such, we have no way of precisely replicating this with our NHP AstV sequences. This problem is compounded by the fact that, in general, researchers from different studies are more likely to report sequences to GenBank if they appear to be novel. Thus, taking sequences from such a repository as a representation of the viral diversity found within these hosts will inevitably introduce a bias towards increased diversity. To account for this, we performed sequence clustering of both bat and NHP sequences at various thresholds as described in Materials and Methods, and picked one sequence per cluster for each of our comparisons. While this potentially leaves out fine grained information about abundance of AstV species or subspecies, as we increase the clustering threshold, it at least puts the communities closer to the same ground by being similarly biased towards novel selection. It is worth noting that the sequence rarefaction described above was performed after this clustering step. Cross-study comparisons would be significantly eased by thorough reporting and submission of sequence data.

Despite these caveats, the trends that emerge are clear and suggest different ecological roles for bats and NHP in the maintenance of AstV diversity. While bats appear to have sustained a distinct and robust virus population for some time, the phylogenetic distance between these viruses and those of the reference community suggest transmission to and from other organisms is relatively rare. Thus, if bats are a significant reservoir of AstV diversity that occasionally spills over into other host groups, the significance of this role must be limited to a larger timescale. In contrast, the interspersedness of the NHP AstVs within the reference community suggests the net frequency of AstV transmission to and from NHP is much higher than in bats. However, the directionality of these transmission events is unknown, and it is unclear whether NHP are capable of sustaining AstV infections without periodic reintroduction from other host groups. Thus, whatever role NHP play in the ecology of AstVs, it appears their diversity is more pertinent to the recent history and dynamism of AstVs both on a whole, and specifically as is relevant to human AstV. We are currently working on analyses directly modeling the transmission of viruses between different host groups, which we hope will shed light on some of the details of this picture which remain unclear.

The presence of recombination among the NHP RdRp sequences raises further questions about the role NHP play in the ecology of AstV. Unfortunately, it is impossible to determine what host species facilitated the recombination event responsible for the recombinant virus sampled from BG35. However, the high prevalence of human AstV among NHP, coupled with the other parental strain most closely matching sequences only observed in other NHP, particularly BG31, BG41, and MBG260 suggests that the recombination event may have occurred in NHP. Even if the recombination event did occur in another host species, the role NHP may play in the emergence of novel AstV diversity is still called into question by the unique susceptibility of NHP to such diverse AstV genotypes. This study raises important questions as to the frequency of AstV recombination within NHP hosts, and highlights the importance of continued monitoring of AstV within NHP.

In summary, a myriad of MAstV and AAstV genotypes can be detected in NHP. This further dispels the dogma that astroviruses are species-specific, and raises important questions about the role of NHP in astrovirus ecology, particularly those NHP thriving at the human-primate interface.

Materials and Methods {#sec009}
=====================

Ethics statement {#sec010}
----------------

The study protocol was approved by the University of Washington Institutional Animal Care and Use Committee (4233--01) and adhered to the American Society of Primatologist Principles for the Ethical Treatment of Non-Human Primates. All non-human primates included in this study were free-ranging animals sampled in their natural habitats, as such housing, feeding and environmental enrichment were not part of this study. No animals were sacrificed as part of this study. All non-human primate handing, sedation and sampling was done by trained personnel, with animal safety and comfort as the first priority.

Sample collection {#sec011}
-----------------

As part of our ongoing longitudinal studies of synanthropic NHP populations in Bangladesh and Cambodia \[[@ppat.1005225.ref013],[@ppat.1005225.ref017],[@ppat.1005225.ref033],[@ppat.1005225.ref034]\], fecal material from freshly deposited stools from multiple NHP species were collected in Bangladesh (n = 844) between 2007--2008 and 2011--2012 and Cambodia (n = 68) between 2011 and 2012. Sera samples were collected from a subset of animals in 2011--2012. All of these animals were either at the animal-human interface in areas with substantial human population densities or sampled from limited numbers of zoo and wild NHP. Trapping and sampling protocols are reported in detail in \[[@ppat.1005225.ref013],[@ppat.1005225.ref018]\]. Species, context of human contact, and global positioning system (GPS) coordinates were recorded for each sample and are described in \[[@ppat.1005225.ref018]\].

RNA isolation, AstV detection and sequencing {#sec012}
--------------------------------------------

The 2007--2008 samples were collected and processed as described \[[@ppat.1005225.ref013],[@ppat.1005225.ref033]\] and provided as a fecal homogenate to St Jude. For the 2011--2012 samples, stool (100 μL) was homogenized in 0.89% NaCl with 0.2 mm Zirconium Oxide beads (Next Advance, Averill Park, NY, USA) followed by centrifugation to form a fecal filtrate and RNA isolated from a 50μL of this filtrate on a Kingfisher Flex Magnetic Particle Processor (Thermo Fisher Scientific, Waltham, MA, USA) using the Ambion MagMAX-96 NI/ND Viral RNA Isolation kit (Life Technologies Corporation, Grand Island, NY, USA) and screened using a pan-astrovirus reverse transcription-PCR assay targeting the RdRp gene \[[@ppat.1005225.ref019]\]. Sanger sequencing was performed by the St Jude Hartwell Center to identify the AstV genogroup. All RdRp-positive samples were then subjected to further sequencing to generate capsid sequence. Samples were tested against either strain-specific or random hexamer primers to attempt to obtain any capsid sequence using a variety of methods including genome walking with degenerate primers, 3'RACE and deep sequencing. Primers used on specific samples are described in [S2 Table](#ppat.1005225.s003){ref-type="supplementary-material"}.

AstV ELISA {#sec013}
----------

Sera were obtained from 138 NHP in 2011--2012, 85 of which were from animals where stool was collected for RT-PCR, and tested for antibodies to specific AstVs by ELISA as described \[[@ppat.1005225.ref022]\]. Briefly, high binding--affinity polystyrene plates (Corning Incorporated, Corning, NY) were coated with 0.05 μg/well of purified recombinant HAstV-1, MLB1, MLB2, TAstV-2 capsid protein or BSA (negative control) and incubated overnight at 4°C. Each plate contained an individual capsid protein or BSA. Plates were washed thrice with PBS in 0.05% Tween-20 (PBST) and then blocked with 4% BSA in PBST for 2 hour at room temp. Following extensive washing, limiting dilutions of the sera (neat to 10^−4^) or rabbit polyclonal antisera to the different capsid proteins were added to the plates and incubated for 1 hour at room temp. After washing, plates were incubated with 0.05 μg/mL of HRP-conjugated anti-monkey or anti-rabbit secondary antibodies (Jackson ImmunoResearch, West Grove, PA) for 1 hour then reactivity was assessed by using an HRP substrate reagent kit (R&D Systems, Minneapolis, MN). To reaction was stopped with 2N H2SO4 and absorbance read on a Multiskan Ascent microplate spectrophotometer (ThermoFisher, Waltham, MA) at 450 nm. Samples with capsid-specific absorbance greater than three times the absorbance of the sample binding to BSA were considered positive. All samples were tested in at least triplicate and experiments repeated at least twice.

Phylogenetic analysis {#sec014}
---------------------

### Reference community {#sec015}

AstV sequences representative of various genotypes as described in Bosch et. al. \[[@ppat.1005225.ref006]\] were used to define the *reference community* providing a backdrop for analysis monkey and bat AstV diversity as compared to AstV diversity in other hosts. Genbank numbers are shown in the Fig.

### Bat sequences {#sec016}

Bat AstV sequences were obtained from a NCBI nucleotide BLAST search against the NHP BG33 sequence, together with entrez query \"bat OR Chiroptera OR Megachiroptera OR Microchiroptera OR Miniopterus OR Tylonycteris OR Acerodon\", in addition to sequences from \[pmid: 25034867\] resulting 219 AstV bat RDRP sequences.

### Alignment {#sec017}

Sequences were aligned and trimmed to equivalent start and stop positions of the corresponding reference sequence plus 15 bp on either side to prevent over-trimming. Sequences which had BLAST matches of less than 0.25 identity and any trimmed sequences less than 180 bp were not included, removing two bat and 5 reference sequences from the analysis. Trimmed sequences were aligned with reference sequences using a back-translation alignment strategy as follows: a codon level alignment was made using MACSE v0.8 \[[@ppat.1005225.ref035]\] and frameshift mutation characters, as identified by MACSE, were replaced with ambiguous \"N\" characters, putting the corresponding sequences in frame. The resulting sequences were translated using seqmagick v0.6.0 \[[@ppat.1005225.ref036]\], and aligned using MAFFT v7.058b \[[@ppat.1005225.ref037]\] resulting in amino acid alignments that were used by seqmagick backtrans-align to produce a backtranslation alignment.

### Phylogenetic reconstruction {#sec018}

Phylogenetic trees were constructed using Phyml v3.0 \[[@ppat.1005225.ref038]\]. Trees were rooted to their midpoints using the biopython library \[[@ppat.1005225.ref039]\], placing MAstV and AAstVs on opposite sides of the root. The reference BatAstV sequence's tip was removed from the tree for subsequent analyses, to put the NHP and bat communities on equal footing in these comparisons.

### Phylogenetic metrics and sub-sampling {#sec019}

An additional phylogenetic tree was constructed as described above, for the purpose of comparing bat and NHP AstV communities with the reference AstV community. However, to avoid putting bats and NHP on different footing, the reference BatAstV was removed. A number of phylogenetic metrics were computed on this tree under tip clustering and rarefaction to characterize the bat and NHP AstV phylogenetic diversity. Tip clustering was carried out by a custom R v3.1.2 \[[@ppat.1005225.ref040]\] script together with the ape package v3.1--4 \[[@ppat.1005225.ref041]\]. From each tree, a distance matrix between sequences was obtained using ape\'s as.dist function. This matrix was subset to columns and rows corresponding to sequences in the focus community (bat or NHP AstVs), and used as the basis for an hclust clustering. For each given distance threshold, the hclust tree was cut at that threshold and one sequence representative was taken for each resulting cluster at random. The tree, together with the names of the remaining focus community sequences, were used as input to the \`newick_utils\`v1.6 \[[@ppat.1005225.ref042]\] \`nw_prune\`command, producing a tree with all of the reference sequences, and exactly one focus community sequence per cluster. The clustering thresholds used were 0 (no clustering), 0.01 and 0.03. For each of the cluster-reduced trees, three phylogenetic metrics were computed under rarefaction. The phylogenetic diversity metric was computed using the \`phylocurve_perm\`R library, and that library\'s internal sampling procedures were used for rarefaction. UniFrac and MMCC were computed using a custom python script utilizing the Bio.Phylo library. Within this script, each focus community of sequences was rarefied by random sub-sampling of tree tips using python\'s random.sample function. UniFrac and MMCC metrics were then computed on the subtrees induced by this sub-sampling. UniFrac values were computed as the UniFrac distance between the rarefied focus community sequences and the unrarefied reference community sequences within the tree. MMCC values were computed as the minimum number of clades, with tips entirely composed of focus sequences, representing all focus sequences. Note this metric is dependent on the rooting of the tree, making the rooting step described above important.

Accession numbers {#sec020}
-----------------

Bat AstV accession numbers used include HQ613157-HQ613171, HQ613174-HQ613175, HQ613178,EU847144-EU847154,EU847156,EU847159-EU847173,EU847175-EU847195, EU847197-EU847215,EU847217-EU847220,FJ571065-FJ571068,FJ571075,FJ571077-FJ571080, FJ571082,FJ571085-FJ571086,FJ571090-FJ571091,FJ571093-FJ571108,FJ571110-FJ571111,FJ571113,FJ571115,FJ571117-FJ571119,FJ571121-FJ571131,FJ571133-FJ571135, FJ571137,FJ571139-FJ571140,JQ814856-JQ814864,JQ814866-JQ814868,JQ814870-JQ814871, HM368168-HM368172,HM368174-HM368175,KJ571377-KJ571391,KJ571393-KJ571409,KJ571411-KJ571431. NHP AstV sequences are available at GenBank under accession numbers KT852380--KT852448.

Supporting Information {#sec021}
======================

###### BG569 capsid shares similarity to bovine AstV.

Clustal W alignments on \~130 nucleotides from the ORF2 capsid gene of NHP BG569 were performed using BioEdit and MEGA6. Phylogenetic trees were constructed and evolutionary history inferred using the Neighbor-Joining method. GenBank accession numbers for the reference strains are given.

(TIF)

###### 

Click here for additional data file.

###### Information on AstV-positive samples.

(DOCX)

###### 

Click here for additional data file.

###### Primer Information.

(DOCX)

###### 

Click here for additional data file.
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